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Abstract. Pathogen concentrations in streamflow are commonly reported as a 
significant cause of water quality degradation throughout the world. Research has 
begun to attempt to model pathogen fate and transport, primarily through surface 
runoff mechanisms.  A significant component of pathogen movement to streams 
commonly identified but not explicitly simulated in many models is pathogen 
movement to the subsurface, which can be important in several scenarios such as tile 
drainage systems.  As colloidal contaminants, pathogens such as E. coli tend to 
become physically trapped in the soil matrix but can move quickly through soil 
macropores.  In fact, concerns exist about the rapid transport of contaminants, such as 
pesticides, pathogens, and nutrients, from the soil surface to ground water through 
macropores. Recent research suggests short-circuiting or direct hydrologic 
connectivity between macropores and subsurface drains.  The objective of this paper 
is to provide an overview of the current research regarding the fate and transport of E. 
coli through soil macropores and into subsurface drain systems. This paper reports 
early results from the first year of a multi-year study funded by the USDA 
Cooperative State Research, Education, and Extension Service as part of the their 
National Research Initiative program. Field experiments to document short-circuiting 
by macropores are described and also laboratory data is presented from soil column 
experiments, capable of simulating surface-connected macropores, with artificial 
subsurface drainage boundary conditions. These column studies generated 
information regarding the importance of directly connected macropores on pathogen 
transport to subsurface drains.   
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Introduction 
 
Macropore transport of pathogenic microorganisms has been suggested to be 
of critical importance for water quality in many instances (Joy et al., 1998; Cook and 
Baker, 2001; Jamieson et al., 2002; Bicudo and Goyal, 2003).  Numerous researchers 
have noted that the primary transport of pathogenic microorganisms in soils occurs 
through macropores that bypass the filtering and adsorptive effects of soil and 
therefore increases the risk of ground water contamination (Mawdsley et al., 1996a, 
1996b; Harter et al., 2000; Logan et al., 2001; McGechan and Vinten, 2003; Darnault 
et al., 2004).  Without macropores, downward percolation of pathogens through the 
soil matrix is generally insignificant because soils are usually an effective filter 
(Darnault et al., 2004).   
Recent research indicates immediate breakthrough of solutes and 
contaminants, including pathogenic bacteria such as E. coli, in subsurface drainage by 
extraordinarily efficient transport through directly connected macropores (Fox et al., 
2004; Villholth et al., 1998). Some researchers have reported field experiments with 
no significant pathogen concentrations from subsurface drain flow (Randall et al., 
2000), suggesting that pathogen transport to subsurface drainage systems is field 
specific.  This research hypothesizes that one of the primary reasons for field specific 
pathogen transport to subsurface drainage systems is related to the presence or 
absence of directly connected macropores.   
Directly connected macropores can result in the rapid transport of pathogens 
from the soil surface, into the subsurface drains, and then into adjacent receiving 
streams and channels by bypassing the soil filter.  But how are directly connected 
macropores formed?  Shipitalo and Gibbs (2000) observe macropores created by deep 
burrowing species of earthworms (Anecic) in a silt loam soil that allow water to 
transfer directly to subsurface drains.  Their research included the use of smoke 
injected into drain lines to observe transmission to the soil surface. Smoke emitting 
macropores were located within 50 cm of the drain line and the distance from the 
subsurface drains correlated to infiltration rate.  The rate at which water entered 
earthworm burrows (I) declined with the log of distance (D) from the drain tile. 
Shipitalo and Gibbs (2005) investigate the importance of this connectivity by 
observing the structure of macropores and their surface connectivity.   
Fox et al. (2004) modified a pesticide transport model, the Root Zone Water 
Quality Model (RZWQM), to include direct connectivity through an express fraction 
(EF), which routes a user-specified express proportion (estimated to be 2%) of water 
and contaminants in macropore flow directly from the soil surface to the drains.  The 
estimated 2% express fraction is based on the assumption that directly connected 
macropores are located within 25 cm of the drain (10 m total distance between 
subsurface drain lines) in modeling a field site in Allen County, IN with silty clay 
soils.  The modified model more appropriately captured the immediate breakthrough 
of pesticides during rainfall events shortly after pesticide application (Fox et al., 
2004, 2007). This EF concept has not been validated for pathogen transport. 
This “direct connectivity” phenomenon was verified by Akay and Fox (2007) 
by conducting infiltration experiments in a laboratory soil column (28 cm by 50 cm 
cross section and 95 cm long) with an artificial macropore placed directly above and 
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 3 
shifted away from a subsurface drain (Figure 1).  The experimental setup allowed 
open surface and buried macropore lengths to be varied from the subsurface drain to 
the surface without unpacking or disturbing the soil column between experiments.   
 
 
 
Figure 1. Laboratory soil column demonstrating innovative macropore design that allows both 
open-surface and buried macropores. Dots represent location of tensiometers. Source: Akay and 
Fox (2007). The nylon mesh was not used in these experiments. 
 
The objective of this research is to investigate the significance of directly 
connected macropores on E. coli transport to subsurface drainage.  This paper 
discusses initial field experiments at the Iowa State University Northeast Research 
Station near Nashua, IA and laboratory soil column experiments using the innovative 
macropore design of Akay and Fox (2007) to investigate E. coli transport under 
controlled conditions and with natural directly connected macropores to document E. 
coli transport to subsurface drainage.  
 
Methods and Materials 
 
Field Experiments 
 
The field component of this research is located at the Iowa State University 
Northeast Research Station near Nashua, IA.  This field site consists of 36, 0.4-ha 
subsurface drained plots with various manure and fertilizer treatments (Bakhsh et al., 
2002).  The field research site was initiated in 1977 with tillage (moldboard plow, 
chisel plow, ridge-tillage, and no-tillage) and cropping system (continuous corn and 
Wooden Rod 
Aluminum Mesh  
Nylon Mesh 
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 4 
both phases of a corn/soybean rotation) treatments. From 1993 through 2003, chisel 
plow and no-till practices were evaluated using different N sources (swine manure, 
UAN, or both), times of N application (fall, spring, or split), and N rates (78 to 260 kg 
ha-1). Each treatment was replicated three times using a randomized complete block 
design. The soils at this site are Kenyon loam (Fine-loamy, mixed, superactive, mesic 
Typic Hapludolls,), Readlyn loam (Fine-loamy, mixed, superactive, mesic Aquic 
Hapludolls), Floyd loam (Fine-loamy, mixed, superactive, mesic Aquic Hapludolls), 
and Clyde silty clay loam (Fine-loamy, mixed, superactive, mesic Typic 
Endoaquolls).  These soils have seasonally high water tables, and thus benefit from 
subsurface drainage.   
The presence and importance of macropores on contaminant transport have 
been documented at the site; however, not to the degree of this research.  For 
example, research at the site has demonstrated that simulating macropores in 
contaminant fate and transport models had little effect on predicted drain flow but 
slightly improved predicted peak flows for individual storms and improved predicted 
atrazine movement to drains.  Preliminary data collected by Iowa State University 
suggests the rapid movement of pathogens through directly connected macropores on 
some of the treatments, with the detection of fecal coliform dependent on the date of 
manure application and environmental conditions.  
An initial field study in November of 2007 further demonstrated the 
importance of directly connected macropores. In one of the drainage plots 
(continuous soybean, no-till, Floyd loam soil), smoke tests similar to those reported in 
Shipitalo and Gibbs (2000) were conducted to identify and flag any macropores 
having direct connection to the subsurface drains. Smoke was injected at the outlet of 
the subsurface drain and pumped into the tile line. Following the smoke tests, 
infiltration tests were performed to quantify the infiltration rate of flagged 
macropores located directly above or adjacent to the subsurface drain and also 
identifiable macropores located approximately 2 to 3 m from the subsurface drain. 
The infiltration rate was measured using a fall-head infiltrometer.  
 Drain flow was monitored before application of liquid swine manure to 
quantify background concentrations of E. coli in the system.  E. coli concentrations 
were measured using semi-automated quantification methods based on the standard 
Methods Most Probable Number (MPN) test (Tchobanoglous et al., 2003) which 
provides counts from one to approximately 2,400 per 100 mL (IDEXX, Westbrook, 
ME). Liquid swine manure with an E. coli average initial concentration of 64260 
MPN per 100 ml was injected followed by irrigation 24-hr after manure application. 
Irrigation water was applied using a linear move irrigation system until the total 
rainfall input was approximately 2.6 cm across the plot. The irrigation did produce 
isolated shallow ponding for approximately 15 minutes after passage of irrigator. 
Water samples were obtained from the drain lines for 24 hours. 
 
Laboratory Column Studies 
 
In addition to these early field experiments, two laboratory column studies 
have been performed with surface-connected macropores of 55 cm (i.e., 20 cm of soil 
between the macropore and the top of the drain) and 65 cm in length (i.e., 10 cm 
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 5 
between the macropore end and the top of the drain) and located directly above a 
subsurface drain. The soil column was packed with a loamy sand soil (84.5% sand, 
13.4% silt, and 2.1% clay) to a bulk density of 1.6 g/cm3. The soil organic matter 
content was estimated at 0.25% using a combustion method at 800 ºC. Before 
extraction of the wooden rob to create the surface connected macropore, the soil 
column was first flushed with 30 to 35 L of distilled water. Drainage samples were 
taken and no E. coli were detected for both experiments. E. coli concentrations were 
measured using semi-automated quantification methods based on the standard 
Methods Most Probable Number (MPN) test (IDEXX, Westbrook, ME). After 24 hr 
of drainage, diluted, liquid swine manure was applied to the column. Distilled water 
containing 11516 and 15362 MPN/100 mL of E. coli, for the 55-cm and 65-cm 
experiments, respectively, was created using 5 mL of liquid swine manure, obtained 
from the Swine Research and Educational Center at Oklahoma State University, in 
approximately 15 L of distilled water (1:3000 dilution factor). This water was applied 
to the top of the soil column to maintain a constant 1-cm ponded boundary condition. 
Following diluted manure application, a drainage period of approximately 48 hr was 
monitored for E. coli concentrations in the drain flow and then the column was 
flushed with 15 L of distilled water to determine the concentration of E. coli 
remaining in the soil column.  
 
Results and Discussion 
 
Field Experiments 
 
Immediately after smoke test initiation, smoke was visible in small plumes at 
various locations in the field in the vicinity of the subsurface drain (Figure 2). Some 
of the smoke plumes were concentrated around visible macropores that were surface 
connected while other plumes were more dispersed within a larger soil area without 
an observable macropore (i.e., buried macropores). Most smoke plumes were within a 
25-cm wide band over the drain. The smoke tests resulted in approximately 3.1 
flagged concentrated and diffuse macropores per meter with 0.6 concentrated 
macropores (i.e., larger than 1-mm) per meter.  
Initial results suggest that the infiltration rate of macropores located within 50 
cm of the tile drain (0.4 L/min for 3 macropores) were not higher than the infiltration 
rate of macropores located 2 to 3 m from the drain (0.5 L/min for 2 macropores). 
Future tests are aimed at quantifying infiltration rates of a larger sample of 
macropores both above the drain and located away from the drain. No positive E. coli 
detections were observed in the drain flow before or right after swine manure 
application. The liquid swine manure contained E. coli in the range of 43,000 to 
85,000 MPN/100 mL. Even with this relatively small rainfall input, positive 
detections of E. coli were detected in two of the drain flow samples at small 
concentrations (i.e., <5 MPN/100 mL) approximately one to one and a half hours 
after rainfall initiation.  Subsequent samples did not contain E. coli.  
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Figure 2. Depiction of smoke test results at the Iowa State University Northeast Research 
Station. The top left picture illustrates one of the flagged macropores. The bottom left picture 
illustrates a macropore emitting smoke. The picture on the right illustrates the number of 
flagged smoke emitting macropores over a 30 m section. 
 
 
Laboratory Experiments 
 
 Due to experimental variations in packing, a two-order increase in maximum 
drain flow rate was observed in the 55-cm macropore experiment compared to the 65-
cm macropore (Figures 3 and 4). Even with this increased flow rate, the laboratory 
experiments demonstrated the importance of even a small length of soil between the 
end of the macropore and the subsurface drain to filter E. coli. E. coli was detected in 
drain flow approximately 18 min after initiation of the surface-connected 55-cm 
macropore experiment, which corresponded to a dimensionless residence time (φ’ = 
Σ(tQ)/Vp, where Q is the drain flow rate and Vp is the volume of pore space in the soil 
column) of 0.03. The actual breakthrough time for E. coli in the 65-cm surface 
connected macropore experiment was approximately 17 min (i.e., similar to the 55-
cm macropore); however, this corresponded to a φ’ of 0.01 (Figure 3). Akay and Fox 
(2007) noted minimal difference in the flow between such macropore lengths when 
multiple macropore lengths were investigated on the same soil packing. However, 
this is not the case for biological contaminants subjected to matrix filtering during 
transport through the loamy sand.   
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Figure 3. Concentration of E. coli in drain flow from soil column with 55-cm and 65-cm 
surface-connected macropores. Experiments included an (a) inflow period with 1-cm induced 
head and introduction of E. coli in the inflow water followed by (b) drainage and flushing 
periods with distilled water approximately 48 hr after inflow period.  
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Peak concentrations of E. coli in the drain flow were observed to be different 
between the two experiments. Due to some samples exceeding the upper range of the 
analysis technique relative to the dilution utilized to analyze the samples, the actual 
peak C/Co, where Co is in the concentration of E. coli in the inflow water, for the 65-
cm macropore is unknown, other than the fact that the C/Co exceeded 0.21 during 
water input (Figure 3). When distilled water was used to flush the column 48 hours 
after initial manure input, peak E. coli concentrations from the drain were greater than 
32% of the original inflow concentration (Figure 3). For the 55-cm macropore 
experiment, the peak C/Co for E. coli was less than 0.20 during the inflow period and 
less than 0.25 during the distilled water flushing (Figure 3). It was expected that the 
E. coli survival rate was high in the relatively moist conditions near and below the 
drain that allowed for higher peak concentrations during the dilution flushing 48 
hours after initiation of the experiment.  
 
Summary and Conclusions  
 
Both the initial field and laboratory experiments demonstrate that E. coli can 
be rapidly transported to subsurface drains through directly connected macropores. 
The absence of significant concentrations of E. coli in the drainage of the field 
experiments was most likely due to the relatively low precipitation amounts applied 
to the field after swine manure application. Two future field experiments are planned 
each year for the next two years with paired subsurface drained plots: one with 
directly connected macropores and one with a reduced number of active macropores. 
The amount of irrigation applied will be increased with the goal of creating more 
active macropores.  
The laboratory experiments demonstrate the importance of the filtering 
capacity of the soil on the potential for E. coli movement to subsurface drains. For the 
65-cm surface connected macropore, the E. coli concentrations in the drain flow 
exceeded 21% of input concentrations during water input and approximately 32% of 
the input concentration during distilled water flushing, while the peak concentrations 
were less than 20% and 25% for a slightly shorter 55-cm surface connected 
macropore. Future experiments will include additional surface connected macropore 
lengths and buried macropores located both directly above and shifted away from the 
artificial drain. These results suggest that surface and drain connections are critical 
for E. coli short-circuiting.  
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